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As-cast and homogenization treated as-cast Al­Cu (3mass% Cu) alloy samples were processed via high-pressure torsion (HPT) under an
applied pressure of 8GPa with 5 revolutions at room temperature. Microstructure, mechanical properties, and fracture surface morphology of the
HPT-processed Al­Cu were investigated, demonstrating that the HPT process successfully resulted in distinct grain reﬁnements in both samples.
Signiﬁcant improvements in the microhardness, tensile properties, and deformation homogeneity due to ﬁne grains, high grain boundary
misorientation angle, and homogeneous distribution of the ª phase were achieved after the HPT process of the homogenized sample. The
homogenization treatment of the as-cast Al­Cu has a signiﬁcant effect on the fracture surface morphology and fracture mode of the HPT-
processed samples. [doi:10.2320/matertrans.M2014047]
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1. Introduction
Recently, metallic ultraﬁne grained (UFG) materials
deﬁned as materials with nanometer or submicrometer grain
sizes have received a great interest because of their unusual
mechanical properties and high performance. One of the
attractive techniques developed for producing bulk UFG
metallic materials is severe plastic deformation (SPD),1­4)
such as high-pressure torsion (HPT),5,6) equal channel
angular pressing (ECAP),7) and accumulative roll bonding.8)
Al­Cu alloys are considered as very important structural
materials in the aircraft industry due to their light weight
and high strength.9­13) Hence, the production of Al­Cu
alloys with UFG microstructures, which leads to a signi-
ﬁcant improvement in the mechanical properties, was the
main issue of research in the past decade. The micro-
structure, hardness, tensile properties, and fracture modes of
Al-1.7, 0.63, and 3.9mass% Cu alloys after ECAP were
extensively studied.14,15) Prados et al. studied the tensile
behavior and fracture characteristics of the ECAP-processed
Al-4mass% Cu alloy.16) The microstructure evolution,
fracture characteristics, and the wear properties of the
ECAP-processed Al-2, 3, and 5mass% Cu alloys were also
investigated.17­19)
The effect of the homogenization treatment of the Al-2 and
3mass% Cu alloys on the microstructural evolution, me-
chanical properties, fracture characteristics, and wear proper-
ties during the ECAP process was investigated;20,21) and it
was observed that the initial microstructure has an distinct
effect on the grain reﬁnement and mechanical properties
during the ECAP process. Vafei et al.22) reported the effect of
pre- and post-heat treatments on the mechanical (hardness
and torque) behaviors of the nano-grained Al-2024 alloy after
the HPT process. Indeed, previous reports indicated that the
initial microstructure affects the degree of the grain reﬁne-
ment during SPD and the mechanical properties of the
ECAP-processed Al­Cu alloys.20,21) However, there was no
study on the effects of initial microstructure or homoge-
nization heat treatment of as-cast Al­Cu alloys on the tensile
testing and fracture behavior after the HPT process, as far as
the authors know.
In this paper, the effect of the homogenization heat
treatment of as-cast Al­Cu alloys on the microstructural
evolution during and mechanical properties after the HPT
process was investigated.
2. Experimental Procedure
Commercial purity aluminum and copper with a purity of
99.95mass% were alloyed and sand cast in order to obtain
the required Al-3mass% Cu alloy. The as-cast Al­Cu alloy
samples were homogenized at 550°C for 7 days (termed as
homogenized samples). The as-cast and the homogenized
samples were machined to disc-shaped samples with a 10mm
diameter and 2mm thickness. Then, the samples were
mechanically ground with No. 4000 SiC emery papers.
The shapes of the sample before and after the HPT process
are presented in Fig. 1. The HPT process with 5 revolutions
was performed at room temperature and a speed of 1 rpm
under 8GPa using a semi-constrained HPT die3,5,6) with a
1mm total depth and a 10mm diameter.
The microstructure observations were performed before
and after the HPT process. The microstructures of the as-cast
and homogenized samples before the HPT process were
investigated using an optical microscope in previous work.20)
A ﬁeld emission scanning electron microscope (FE-SEM;
model JEOL JSM-6330F, JEOL, Japan) operated at a voltage
of 15 keV was used in the tracing of the fragmentation,
distribution, and the size of theta phase ª (CuAl2) after the
HPT process. Moreover, the energy-dispersive X-ray spec-
troscopy (EDX) analysis of phase ª (CuAl2) was performed
using the same microscope. The average size of the ª phase
was measured using the line intercept method and the image
analysis software Lince242udt_particle size.
The ultraﬁne grains of as-cast and homogenized Al­Cu
alloy samples after the HPT process were investigated using a
transmission electron microscopy (TEM). The TEM samples
were prepared through grinding with No. 4000 SiC emery
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papers, followed by mechanical polishing with alcohol and
diamond paste suspensions to obtain mirror-like surfaces.
The samples were further polished using mixtures of
colloidal silica and ethanol for one hour in order to obtain
a ﬂat and shiny polished surface with a ﬁnal thickness of
150 µm. Then, disc-shaped samples with a diameter of 3mm
were punched from the area in the mid-radius distance
(2.5mm from the HPT sample center), as indicated in
Fig. 1, and then electro-polished using a solution of 30%
HNO3 + 70% CH3OH. The ﬁne microstructural observations
were performed using the CS corrected ﬁeld emission
TEM microscope (JEOL JEM-2100F, Japan) operated at
200KeV. The ﬁnest aperture size from which the selected-
area electron diffraction (SAED) pattern can be taken was
10 µm. The average grain sizes of the HPT processed
samples were obtained from the analysis the TEM photo-
micrographs using the image analysis software Lince242udt_
particle size.
The samples before and after the HPT process were
carefully ground and polished to a mirror-like surface. The
hardness was measured using a Mitutoyo microhardness
tester equipped with a Vickers indenter under an applied load
of 100 gf and a dwell time of 15 s. The measurements were
recorded on the surface of each disk following a regular grid
pattern with a spacing of 0.5mm between each point.23) The
individual values of the Vickers hardness HV were then
plotted as color-coded contour maps depicting the variations
in the local microhardness across the surface of each sample.
A total of 317 measurements was made across the sample and
their average value was taken. The standard deviation · of
the 317 measurements was calculated in order to assess the
deformation inhomogeneity index of the HPT processed
samples using the following equation.
· ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðHi HavÞ2
N
s
; ð1Þ
where Hi, Hav, and N denote the microhardness value at each
point of measurement, the average microhardness of the
whole set of points of measurement, and the total number of
measurements, respectively.
Microtensile testing for the HPT-processed samples was
conducted at room temperature until failure using a
UNITECH Microload system machine operated at a constant
strain rate of 8.33 © 10¹3 s¹1. Microtensile testing samples of
a dog bone shape with 1.5mm gage length were cut from the
area in the mid-radius distance (2.5mm from the HPT sample
center) of the sample as shown in Fig. 1. The tensile samples
were cut using a wire cutter followed by polishing of both
sides of the sample to mirror-like surfaces. The tensile test
was repeated three times for each condition. The fracture
surface morphology and fracture mode of the tensile samples
were examined using a ﬁeld emission scanning electron
microscope (FE-SEM, model JEOL JSM-6330F, Japan) at a
voltage of 15 keV.
3. Results and Discussion
3.1 Microstructure of the Al­Cu alloy
The microstructures of the as-cast and the homogenized
Al­Cu alloy samples before the HPT process were presented
in previous works.20) It was observed that the microstructure
of the as-cast sample consists of dendrites with an average
grain size of 113 « 2µm. After the homogenization treatment,
most of the dendritic structures in the as-cast sample were
transformed into approximately equiaxed ones. The average
grain size of 252.6 « 2µm was obtained in the homogenized
sample. The transformation of the dendritic microstructure
into equiaxed after the homogenization process was also
reported in the Al-2014 and Al-6061 alloys.24­26)
Figure 2(a) shows the bright ﬁeld TEM photomicrograph
of the as-cast Al­Cu alloy sample after the HPT process. The
microstructure consists of a combination of elongated (along
the shear strained direction) and equiaxed grains with higher
percentage of the elongated one. Similar observation of the
formation of the elongated microstructure along the strain
direction was also noted in the HPT processed Al-2024 alloy
at room temperature.22) The average grain size after the HPT
of the as-cast Al­Cu alloy sample decreased to approximately
125 nm. The decrease of the grain size can be attributed to
the imposed severe straining during the HPT process. The
average grain size of the present HPT-processed as-cast Al­
Cu alloy sample was very close to the reported average grain
sizes (70 and 100 nm) in the HPT processed Al-2024 and Al-
3%Cu alloys, respectively.22,27) The SAED pattern of the
HPT-processed as-cast Al­Cu alloy sample shown in Fig. 2
indicates the presence of low misorientation angle grain
boundaries (LAGBs).
Figure 3(a) is the SEM photomicrograph exhibiting the ª
phase (CuAl2) in the as-cast Al­Cu alloy sample after the
HPT process. It was reported that the hard ª phase particles
after ECAP were fragmented across the sample: from the
5 µm to an average particle size of 600 nm.17,20) Figure 4
shows the EDS spectrum analysis of the ª phase in the as-cast
sample after the HPT process. The table in Fig. 4 indicates
that the ratio of Al and Cu are very close to the exact mass
composition of CuAl228,29) and ª phase by EDS in previous
work.30) Moreover, the presence of the ª phase after the HPT
process is in agreement with the detection of the ª phase
Load
Torsion
HPT HPT-processed 
Al-3%Cu alloys
Al-3%Cu as-cast alloy
Al-3%Cu alloy 
homogenized for 7 days
Unit: mm
TEM, SEM
Fig. 1 Macrograph of Al-3%Cu as-cast and homogenized samples before
and after HPT process and the positions of the TEM and SEM
observations and tensile test sample.
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without any dissolution after the ECAP process of different
Al­Cu alloys.15,31) It was observed that ª phase particles
almost did not re-dissolve up to 12 ECAP passes, on the other
hand, the other phases (ª A and ª″ phases) were re-dissolved
after 4 passes.31) Moreover, the formation of the different
precipitates in Al­Cu alloys depends mainly on the temper-
ature at which the type of the precipitates formed. Therefore,
we can conﬁrm that the precipitate observed in the present
work was ª phase.
It was observed that the ª phase particles agglomerated
across the sample. That is, the ª phase particle distribution in
the HPT-processed as-cast Al­Cu alloy sample is non-
uniform. Similar observations of the fragmentation of the
hard phases were noted in the ECAP-processed Al­Cu and
Al-6061 alloys.15,20,21,25,26) Figure 5(a) exhibits the size
distribution of the ª phase particles of the HPT-processed
as-cast sample. Approximately 65% of the particles are under
0.5 µm with a wide range of particle size from 0.2 to 1.4 µm.
The average ª phase particle size is 600 nm after the HPT
process, which is a half of that after the ECAP with 6 passes of
the same alloy.20) Figure 5(b) exhibits the ª phase particle
distribution of the homogenized Al­Cu alloy after the HPT
process. Approximately 76% of the particles are under 0.5 µm
in size with a range of particle size from 0.08 to 0.9 µm which
is narrower with smaller particle sizes than that observed in
the HPT-processed as-cast sample, as shown in Fig. 5(a).
Figure 2(b) shows the bright ﬁeld TEM photomicrograph
after the HPT process of the homogenized Al­Cu alloy
sample. The homogenized Al­Cu alloy sample after HPT
consists of equiaxed grains with an average grain size of
65 nm. The average grain size observed after the HPT of the
homogenized Al­Cu alloy sample was 48% smaller than that
(a) (b)
Fig. 2 TEM bright-ﬁeld micrographs of (a) the as-cast Al-3%Cu alloy sample and (b) the homogenized Al-3%Cu sample after the HPT
process.
(a) (b)
Fig. 3 FE-SEM micrograph of the ª phase particles in the (a) as-cast and (b) homogenized Al-3%Cu alloy samples after the HPT process.
Fig. 4 EDS analysis of the ª phase (CuAl2) in the as-cast Al­3%Cu alloy
sample after the HPT process.
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after the HPT process of the as-cast Al­Cu alloy. Similar
observations were also noted during the ECAP of the as-cast
and homogenized Al-2 and 3% Cu alloys samples.20) The
average grain size obtained in the ECAP-processed homo-
genized Al-3% Cu alloy sample was 25% smaller than that
observed in the ECAP-processed as-cast Al-3% Cu alloy
sample. Hence, it is clear that the homogenization treatment
contributes to further degrees of grain reﬁnement in the HPT
and ECAP processes. The comparison between the HPT-
processed and ECAP-processed Al­Cu alloy samples in-
dicates that the average grain sizes of the HPT-processed as-
cast and homogenized samples were 20 and 44%, respec-
tively, smaller than those observed in the ECAP-processed
samples.20) The smaller average grain sizes of the Al matrix
in the HPT-processed samples can be attributed to the higher
strain and pressure imposed during the HPT process than
those imposed in the ECAP process.1­3) The SAED pattern
after the HPT process of the homogenized Al­Cu alloy
sample shown in Fig. 2(b) indicates the presence of high
misorientation angle grain boundaries (HAGBs).
Figure 3(b) shows the SEM photomicrograph of the
distribution of the hard ª phase (CuAl2) after the HPT
process of the homogenized Al­Cu alloy sample. It was
observed that the hard ª phase particles were fragmented and
uniformly distributed across the sample. Figure 5(b) shows
the ª phase particles distribution of the homogenized Al­Cu
alloy after the HPT process. Approximately 76% of the
particles are under 0.5 µm with a range of particle size from
0.08 to 0.9 µm, which is narrower with smaller particles than
that in the HPT-processed as-cast shown in Fig. 5(a). The
average particle size of the hard ª phase in the HPT-processed
homogenized Al­Cu alloy sample was 228 nm, which is
160% smaller than that of the HPT-processed as-cast Al­Cu
alloy sample. The average particle sizes of the hard ª phase
after the HPT process in the as-cast and the homogenized Al­
Cu alloy samples were 100% smaller than those observed in
the ECAP-processed counterparts.20) This can be attributed to
the higher stain imposed during the HPT process than that
during the ECAP process.1­3)
3.2 Microhardness
Figures 6(a) to 6(d) show the color-coded maps of the
microhardness distribution in the (a) as-cast, (b) homogen-
ized, (c) HPT-processed as-cast, and (d) HPT-processed
homogenized Al­Cu alloy samples. The microhardness
distribution in the as-cast Al­Cu alloy sample was almost
homogeneous (ranging between 95 and 125Hv) across the
sample area, as shown in Fig. 6(a). The average microhard-
ness and standard deviation values indicated by the error bar
(inhomogeneity index) in the as-cast sample were 116 « 1.7
and 7Hv, respectively, as shown in Fig. 8. After the
homogenization process of the as-cast sample, the micro-
hardness distribution becomes more uniform (ranging
between 103 and 116Hv), as shown in Fig. 6(b). The
average microhardness and standard deviation values were
111 « 0.3 and 2.5Hv, respectively (Fig. 7). The inhomoge-
neity index decreases remarkably (by 180%) after the
homogenization heat treatment. The decrease of the average
microhardness after the homogenization treatment can be
attributed to the increase of the grain size from 113 « 2
to 252.6 « 2µm. On the other hand, the increase of the
microhardness homogeneity after the homogenization is due
to the transformation of the microstructure from dendrite
microstructure in the as-cast sample to equiaxed micro-
structure.20)
Figure 6(c) shows the microhardness distribution after the
HPT process of the as-cast Al­Cu alloy sample. A low
microhardness (90­110Hv) region of a diameter of 1mm in
the center was observed. This microhardness value in the
center of the HPT-processes sample is close to that in the
center of the as-cast sample. The microhardness increased
with increasing the distance from the center. There are also
low microhardness regions distributed randomly across the
sample in Fig. 6(c). That is, the microhardness distribution
across the HPT-processed as-cast Al­Cu alloy sample is
nonuniform. The average microhardness and standard
deviation values in the HPT-processed as-cast Al­Cu alloy
sample were 175 « 1.4 and 16.5Hv, respectively (Fig. 7).
The microhardness increased by 50% after HPT in the as-cast
Al­Cu alloy sample.
The microhardness distribution color-coded map after the
HPT process of the homogenized Al­Cu alloy sample is
presented in Fig. 6(d). A low microhardness (230­250Hv)
area with an average diameter of 1.1mm in the sample center
was detected. The microhardness values in the center were
125% higher than those of the homogenized sample. It was
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Fig. 5 Particle size distributions of the ª phase in the (a) as-cast and (b) homogenized Al-3%Cu alloy samples after the HPT process.
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also noted that the sample center of the homogenized sample
deformed more than that in the as-cast one, as shown in
Figs. 6(c) and 6(d). Microhardness increased with increasing
the distance from the center and reaches 270­290Hv near the
sample edge. Approximately 80% of the sample area has the
microhardness values of 250­270Hv. The difference in the
microhardness values between the sample center and edge
is due to the difference in the imposed strain along the
sample radius. Similar observations of the increased micro-
hardness from the sample center to the edge were also
noted in the various HPT-processed materials.3,22,32) The
average microhardness and the standard deviation value of
the HPT-processed homogenized sample were 258 « 1 and
8Hv, respectively (Fig. 7). The microhardness increased
by 133% after the HPT process of the homogenized Al­Cu
alloy sample. The increase of the average microhardness
after the HPT process of the as-cast and homogenized
samples are attributed to the decreased Al matrix grain sizes
and ª phase particle sizes. The hardness of a material is
generally related to the grain size through a Hall­Petch
equation.33,34)
Hv ¼ H0 þ kHd1=2; ð2Þ
where d is the grain size and H0 and kH are constants. In
addition to the grain size effect, the increased of the
dislocation density can also be considered as the reason for
the increased strength after HPT, following the Taylor
equation.35)
· ¼ ·0 þ ¡MGbµ1=2; ð3Þ
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Fig. 7 Average microhardness and standard deviations (error bar) of as-
cast, homogenized, HPT processed as-cast and HPT processed homo-
genized Al-3%Cu alloy samples.
(a) (b)
(c) (d)
Fig. 6 Color-coded hardness contour maps showing the microhardness distribution across the surface of the (a) as-cast, (b) homogenized,
(c) HPT processed as-cast and (d) HPT processed homogenized Al-3%Cu alloy samples.
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where ¡ is a constant, G the shear modulus, b the length of
the Burgers vector of dislocation, M the Taylor factor, and µ
dislocation density.
The average microhardness in the HPT-processed homo-
genized sample was 47% higher than that in the HPT-
processed as-cast sample. This difference in the microhard-
ness values can be attributed to (i) the smaller average grain
size and (ii) the smaller ª phase particle size with more
uniform distribution in the HPT-processed homogenize
sample than that in the HPT-processed as-cast sample, as
shown in Figs. 2, 3, and 5. The average microhardness values
in the HPT processed as-cast and homogenized Al­Cu alloy
samples were 20 and 35% higher than those obtained after
the ECAP processes of the same samples, respectively.20)
This is due to the smaller grain size in the HPT-processed
samples than in the ECAP-processed samples. However, the
deformation homogeneity in terms of the microhardness
distribution was higher in the ECAP-processed samples than
that in the HPT-processed samples. Similar observations of
higher degree of microhardness homogeneity in the ECAP-
processed sample compared to that in the HPT-processed
sample were also noted in Al-1080.36) It was observed that
the HPT-processed homogenized sample has more uniform
distribution of the microhardness than that in the as-cast
sample after the HPT process in Fig. 6. The inhomogeneity
index in the HPT-processed as-cast sample is double the
homogenized sample (Fig. 7). The average microhardness
value in the HPT-processed homogenized Al­Cu alloy
sample was 26% higher and more uniform than that in the
Al-2024 alloy aged after the HPT process.22)
3.3 Tensile testing
True stress vs. true strain curves of the Al­Cu alloys
(as-cast, homogenized, and their HPT-processed samples)
are shown in Fig. 8. The ultimate tensile strength (UTS)
increased from 156.9MPa in the as-cast sample to 520.5
MPa after the HPT process. The 0.2% proof stress
signiﬁcantly increased from 100.2MPa in the as-cast sample
to 425MPa after the HPT process, which is 324% increase in
strength.
In the homogenized Al­Cu alloy sample, the UTS
increased by 335% from 146 to 636MPa after the HPT
process. A similar ratio increase was also observed in the
0.2% proof strength: from 95 to 510MPa after the HPT
process. The increase of the UTS and the 0.2% proof strength
after the HPT process can be attributed to the decrease of the
grain size, the fragmentation of the ª phase, and the increase
of the dislocation density. Similar observations of the
increase of the UTS and proof strength were also noted after
the SPD processes of various Al­Cu alloys.15,16,20)
The UTS and the 0.2% proof strength after the HPT
process of the homogenized sample were 23 and 20% higher
than those after the HPT process of the as-cast sample. The
higher values of UTS and 0.2% proof strength in the HPT-
processed homogenized sample is due to the ﬁner grain and
ª phase particle sizes and the homogeneous distribution of the
ª phase. Similar observations were also reported in the
ECAP-processed Al-2 and 3%Cu alloys. The UTS and the
0.2% proof strength after the ECAP process of the
homogenized samples were 42 and 31%, respectively, higher
than those obtained after the ECAP process of the as-cast
samples.20)
The UTS and the 0.2% proof strength of the HPT-
processed Al­Cu alloy samples were 63 and 55%, respec-
tively, higher than those obtained after the ECAP process of
the same alloy.20) This is due to the smaller Al matrix grain
and ª phase particle sizes in the HPT-processed samples.
Similar observations of higher UTS and yield strength in the
HPT-processed samples than those of the ECAP-processed
ones were also noted in the Al, Ti, and Cu.36­38)
The elongation increased by 6% after the homogenization
treatment as shown in Fig. 8. This is due to the micro-
structural transformation from the dendritic to equiaxed grain
microstructures.20) After the HPT process the elongation
decreased from 11.2% in the as-cast sample to 6.2%. On the
other hand, the elongation decreased slightly from 11.8 to
11.5% after the HPT process of the homogenized Al-3%Cu
alloy sample, which is 86% higher than that of the HPT
processed as-cast sample.
Higher elongation after the HPT process of the homogen-
ized sample results from the presence of HAGBs, as shown in
the SAED in Fig. 2(b). The ﬁne precipitates lead to HAGBs
in the deformation zones surrounding the particles.1) More-
over, as the size of the secondary phase decreases, the
inhibition of the dislocation movement decreases. Similar
observations of increased elongation in the homogenized
samples over as-received samples were also reported after the
ECAP process of the Al-2 and 3% Cu samples.20) This was
also noted through the study of the effect of pre-heat
treatment on the degree of the grain reﬁnement and tensile
properties during the ECAP and cryogenic rolling process
of Al-7034 and Al-6063 alloys.39,40) The elongation values
of the HPT-processed Al­Cu alloys of the as-cast and
homogenized samples were higher than those of the ECAP-
processed samples.20) The elongation in the HPT-processed
as-cast and homogenized samples were higher by 24 and
39% than those in the ECAP-processed samples, respec-
tively.20) Similar observations were also noted through the
ECAP and HPT processes of Al and Cu.36,38) The elongation
values of the HPT-processed Cu and Al samples were higher
by 56 and 17% than those in the ECAP-processed Cu and Al
samples, respectively.36,38)
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3.4 Fracture behavior
The tensile fracture surface morphology of the as-cast Al­
Cu alloy was fully investigated in previous work.21) It was
observed that the fracture surface consists of a dendrite
structure with inter-dendritic micro-porosities, which is a
typical casting defect. The presence of the dendritic structure
and micro-porosity was also observed on the fracture
surfaces of the as-cast Al-4%Cu, Al-40%Zn, and Zn-
40%Al alloys.16,41,42)
Figure 9 shows the FE-SEM photomicrographs of the
fracture surface morphologies of the HPT-processed (a) as-
cast and (b) homogenized samples. In the HPT-processed as-
cast sample, the dendritic structure was almost eliminated
from the fracture surface, as shown in Fig. 9(a). The fracture
surface consists of a shear decohesion feature, lacking any
appearance of dimples. This can be attributed to the grain
reﬁnement by the HPT process. Moreover, fractured particles
and delamination zones were also observed through the
fracture surface. These observations are in agreement with
the result of the elongation (i.e., the elongation decreased
remarkably by 44.7% after HPT) shown in Fig. 8. Similar
observations of the elimination of the dendritic structure and
the micro-porosity of the fracture surface were also found
after the ECAP process of Al-4%Cu, Al-2 and 3%Cu, Al-
40%Zn, and Zn-40% Al alloys.16,21,41,42) After the homog-
enization treatment, the fracture surface morphology was free
from the dendritic structure18,21) due to the transformation of
the microstructure to equiaxed one.
Figure 9(b) shows the FE-SEM photomicrograph of the
fracture surface morphology of the HPT-processed homo-
genized sample. Large, deep, and uniformly distributed
dimples appeared with the size range of 0.1­13.5 µm and
an average size of 1.9 µm. The presence of the dimples on the
fracture surface indicates the occurrence of ductile fracture.
This result is in agreement with the tensile elongation results
that the HPT-processed homogenized sample has twice the
ductility than that of the HPT-processed as-cast sample as
shown in Fig. 8.
The difference in initial microstructure of the as-cast and
homogenized samples obviously affects the microstructure
evolution of the HPT-processed samples, as shown in
Figs. 2­5. It was clearly noted that the HPT-processed
homogenized samples have equiaxed grains with HAGBs,
while HPT-processed as-cast samples have elongated grains
with LAGBs. This difference in the microstructure in both
materials leads to obvious difference in their ductility, as
shown in Fig. 8. Further comparison indicates that the HPT-
processed homogenized samples have ductility nearly double
the value of the HPT-processed as-cast sample. Moreover,
the ductility of the homogenized sample slightly decreased
after the HPT process. The HPT-processed homogenized
samples is ductile and consistent with the fracture surface
covered by dimples, as shown in Fig. 9(b). On the other
hand, the ductility of the as-cast sample decreased remark-
ably after the HPT process by 44.7%, indicating that the
HPT-processed as-cast sample lost its ductility and the
fracture surface consists of a shear decohesion feature, as
shown in Fig. 9(a).
Similar observation of the effect of the pre-homogeniza-
tion treatment on the fracture surface morphology was also
noted after the ECAP process of the Al-2 and 3% Cu
alloys.21) The shear decohesion, fractured particles, and
delamination zones on the fracture surface of the ECAP-
processed as-cast samples exhibit obviously different fea-
tures from the dimples in ECAP-processed homogenized
samples.21)
Figure 10(a) shows the fracture surface of the HPT-
processed as-cast sample, indicating the shear mode after
HPT, in contrast to the brittle fracture before HPT.21) There
was no obvious reduction of the cross-sectional area of the
fractured specimen after the HPT process of the as-cast
sample. In the HPT-processed homogenized sample, the
fracture mode was transformed from the brittle fracture
before HPT21) to a combination of shear and necking
(ductile) fracture mode after the HPT process, as shown in
Fig. 10(b). A clear reduction in the cross-sectional area of
the fractured sample was observed in the HPT-processed
homogenized sample, as indicated by the arrows in
Fig. 10(b). The area reduction in the HPT-processed
homogenized sample was 14%, which is close to the
elongation value obtained through the tensile test, as shown
in Fig. 8. The difference in the fracture mode between the
HPT-processed as-cast and homogenized samples is another
piece of evidence that the HPT-processed homogenized
samples have higher ductility than that in the HPT-processed
as-cast samples.
(a) (b)
Fig. 9 FE-SEM micrograph of the tensile fracture surface morphology of HPT-processed (a) as-cast and (b) homogenized Al-3%Cu alloy
samples.
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4. Conclusions
Through the investigation of the effect of the pre-
homogenization treatment on the microstructure evolution,
mechanical properties, and fracture characteristics of the
HPT-processed Al­Cu alloy, the following conclusions were
drawn:
(1) The pre-homogenization process helps in the evolution
of the microstructure into equiaxed UFG microstruc-
tures with high misorientation angle grain boundaries
and the average grain size of 65 nm after HPT. On the
other hand, elongated grains with low misorientation
angle grain boundaries and the average grain size of
125 nm microstructure were obtained in the HPT-
processed as-cast sample.
(2) An obvious decrease in average grain size to 228 nm
with more homogenous distribution of the ª phase was
observed in the HPT-processed homogenized sample.
(3) A remarkable increase in the microhardness was
observed after the HPT process of the as-cast and
homogenized samples. The average microhardness
value in the HPT-processed homogenized sample was
higher than that of the HPT-processed as-cast sample.
Higher deformation homogeneity was obtained in the
HPT-processed homogenized sample than that in the
HPT-processed as-cast sample.
(4) The strength increased after the HPT process of the as-
cast and homogenized samples while the elongation
decreased.
(5) The fracture surface morphologies exhibited shear
decohesion, fractured particles, and delamination in
the HPT-processed as-cast sample and ductile fracture
surface covered with dimples in the HPT-processed
homogenized sample.
(6) The fracture mode were transformed from the brittle
mode before HPT to the shear mode and the
combination of shear and necking (ductile) modes
after HPT in the as-cast and homogenized samples,
respectively.
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